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Abstract:  The  chemiluminescence  of  dimethyldioxetanone  (U  in  the  presence 
of  easily  oxidized  aromatic  hydrocarbons  was  studied.  It  was  observed  that 
the  rate  of  reaction  of  1 depends  upon  the  nature  and  concentration  of 
the  aromatic  hydrocarbon.  The  efficiency  of  light  production  was  correlated 
with  the  one  electron  oxidation  potential  of  the  hydrocarbon.  These  results 

are  interpreted  in  terms  of  the  recently  described  chemically  initiated 
electron  exchange  luminescence. 
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Many  recent  studies  of  chemiluminescence  from  organic  molecules  have 

centered  on  the  reactions  of  the  strained  four  membered  ring  peroxides 

2 

known  as  dioxetanes.  These  molecules  have  been  identified  or  implicated 

in  many  of  the  most  efficient  chemi-  and  bioluminescent  reactions.  In 

particular,  a carbonyl  substituted  dioxetane  (dioxetanone)  has  been 

identified  as  the  key  high  energy  molecule  responsible  for  light  production 
3 

in  the  firefly.  In  this  paper  we  report  our  findings  on  the  mechanism  of 
light  production  from  simply  substituted  dioxetanones.  Our  studies 
show  that  the  most  important  light  forming  path  for  reaction  of  dioxetanone  1 
is  the  bimolecular  route  we  have  recently  identified  as  chemically  initiated 
electron  exchange  luminescence  (CIEEL).^  Moreover,  we  have  found  that 
under  conditions  favoring  CIEEL  the  fraction  of  reacting  dioxetanone 
molecules  that  generate  a photon  of  light  approaches  the  most  efficient 
bioluminescent  reactions  known.  In  addition,  by  analogy,  it  appears  that 
the  initiating  reaction  in  firefly  bioluminescence  is  an  intramolecular 
electron  transfer  akin  to  the  observed  intermolecular  reaction  reported 
herein.^ 

Dimethyl dioxetanone  (^)  was  prepared  and  purified  according  to  the 
procedure  of  Adam. ^ Thermolysis  of  ^ in  CH2CI2  at  24.5°  leads  to  the 
quantitative  generation  of  acetone  and  to  light  emission.^  The  observed 
chemiluminescence  under  these  conditions  is  a result  of  acetone  emission. 

It  has  been  reported  previously  that  the  addition  of  certain  aromatic 
hydrocarbons  to  solutions  of  dioxetanone  ^ results  in  the  generation  of 

O 

hydrocarbon  luminescence  and  markedly  increases  the  light  yield.  We 
have  also  observed  this  effect  and,  significantly,  have  found  that  the 
aromotic  hydrocarbon  also  increases  the  rate  of  reaction  of  the  dioxetanone. 


The  rate  acceleration  is  directly  proportional  to  the  concentration  of  the 
hydrocarbon  (catalytic  chemiluminescence  activator),  as  is  shown  for  rubrene 
in  Figure  1. 
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Also,  the  observed  rate  acceleration  is  dependent  on  the  structure  of  the 
activator.  Fhese  findings  are  inconsistent  with  the  previously  proposed 
unimolecular  pathway  for  excited  state  production.  In  the  original  mechanism, 
thermal  reaction  of  the  dioxetanone  generated  electronically  excited  acetone 
which,  in  a subsequent  step,  transferred  energy  to  the  hydrocarbon.  If  this 
scheme  was  operative,  the  rate  of  reaction  of  the  dioxetanone  would  be 
independent  of  the  structure  and  concentration  of  the  added  hydrocarbon. 

This  is  contrary  to  our  results. 

To  probe  the  nature  of  the  interaction  between  dimethyldioxetanone  (1^) 
and  the  catalytic  chemiluminescence  activator,  the  efficiency  of  generation 
of  light  with  various  activators  was  examined.  We  observed  that  at  identical 
hydrocarbon  concentrations  there  is  nearly  a hundred  fold  range  in  the 
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ability  of  the  different  activators  to  catalyze  excited  state  formation. 

This  finding  indicates  that  it  is  the  bimolecular  reaction  between  the 
dioxetanone  and  the  activator  that  is  responsible  for  the  major  fraction  of 
the  hydrocarbon  chemiluminescence.  Critically,  the  only  predictor  of  activator 
efficiency  is  the  one  electron  oxidation  potential  of  the  hydrocarbon,  as  is 
shown  in  Figure  2.  This  result  is  required  if  electron  transfer  from  the 
activator  to  the  dioxetanone  is  the  rate  determining  step  for  formation  of 
the  activator  excited  singlet  state.  These  findings  are  entirely  consistent 


with  excited  state  production  from  dioxetanone  1 by  the  mechanism  we  have  recently 
identified  as  chemically  initiated  electron  exchange  luminescence.^ 

The  efficiency  of  production  of  excited  singlet  activator  by  the  induced 
decomposition  of  ^ was  investigated  by  measuring  the  absolute  chemiluminescence 
yield. When  rubrene  was  employed  as  the  activator  in  CH2CI2  solution 
at  24.5°  it  was  found  that  17  1’  5%  of  the  dioxetanone  molecules  that  proceed 
through  the  bimolecular  path  generate  an  excited  rubrene  singlet  state. 

Even  though  this  system  is  unoptimized,  the  remarkably  high  efficiency 

1 ? 

approaches  that  of  the  knov/n  biol uminescent  reactions. 

The  proposed  mechanism  for  formation  of  the  emitting  singlet  state  of 

the  chemiluminescence  activator  by  the  CIEEL  path  is  shown  in  Scheme  1. 

The  first  step  is  a one  electron  transfer  from  the  activator  to  the 

dioxetanone.  The  rate  of  this  process,  of  course,  depends  upon  the 

activation  barrier  for  the  reaction  which  is  determined,  in  part,  by  the 

oxidation  potential  of  the  activator.  Similiar  electron  transfer  reactions 

have  been  postulated,  for  exanple,  to  account  for  the  catalytic  induced 

1 3 

decomposition  of  peroxides  by  transition  metals  and  amines.  The  activation 
energy  for  the  electron  transfer  is  also  dependent  upon  the  reduction  potential 
of  the  peroxide.  For  dioxetanone  1 the  bimolecular  rate  constant  for  the 

A/ 

CIEEL  path  (k^)  in  CH2C12  at  24.5°  with  rubrene  is  0.44  s"\  This  compares 

to  a value  of  8 m ^ s ^ determined  for  diphenoyl  peroxide  under  similar 
4 

conditions.  The  difference  in  the  catalytic  rate  constants  for  these 

14 

two  peroxides  is  predicted  by  their  reduction  potentials.  The  electron 
withdrawing  carbonyl  groups  flanking  the  oxygen-oxygen  bond  of  the  diacyl 
peroxide  results  in  more  facile  reduction  and  concomitantly  ^ larger  k2  for 
diphenoyl  peroxide. 

The  next  step  along  the  chemiluminescence  path  is  the  rapid  loss  of  CO2 
from  the  reduced  dioxetanone.  This  generates  the  radical  anion  of  acetone 
within  the  same  solvent  cage  as  the  radical  cation  of  the  activator. 
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Subsequent  ctiarge  annihilation  of  the  cage  radical  ions  results  in 
electronically  excited  state  generation One  explanation  for  the  observed 
17%  singlet  yield  is  that  the  decarboxylation  and  charge  annihilation  are 
competitive  with  spin  equilibration.  Thus,  the  dioxetanones  that  react  by 
the  CIESiL  path,  but  do  not  generate  an  excited  singlet  activator,  may  be 
generating  the  undetected  triplet  excited  state  of  the  hydrocarbon.  The  final 
step  in  the  sequence  is  light  emission  from  the  excited  activator,  which  we 
detect  as  chemiluminescence. 

In  competition  with  the  CIEEL  path,  uncatalyzed  unimolecular  decomposit’on 

of  the  dioxetanone  generates  electronically  excited  acetone.  The  combination 

of  these  two  excitation  mechanisms  accounts  for  all  of  the  experimental 

observations  on  the  chemiluminescence  of  dioxetanone  1. 

% 

Scheme  I 


Activator*  — - Activator  + light 

In  sunriary,  we  have  shown  that  an  efficient  tlLEL  pathway 

is  the  major  light  generating  process  from  dioxetanone  l^with  any  one  of 

several  easily  oxidized  activators.  This  is  the  third  example  of  efficient 

4 17 

chemiluminescence  by  this  route.  ’ We  are  continuing  our  investigation 
of  the  chemiluminescence  of  dioxetanones  to  further  establish  the  details 
of  the  mechanism  in  this  case.  We  are  also  investigating  other  chemiluminescent 
systems  that  appear  to  react  by  the  CIEEL  path. 
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Captions  for  Figures 

Figure  1.  Observed  dependence  of  rate  of  reaction  for  dioxetanone 
on  the  rubrene  concentration.  Note  that  the  extrapolated  zero  rubrene  concen- 
tration rate  agrees,  within  experimental  error,  to  the  independently 
determined  value. 

Figure  2.  Dependence  of  the  chemiluminescence  ;f(tensity  by  the  CIEEL  path 
on  oxidation  potential  (E„„)  of  the  activator.  In  order  of  increasing 
oxidation  potential  .the  points  are:  rubrene,  perylene,  9,10-diphenylethynylanthracene, 
and  9,10-diphenylanthracene. 
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